Many bryophytes grow in the Tropics in periodically inundated habitats such as river beds, marshes and waterfalls, but permanently submerged bryophytes are rare and are mainly found in high-altitude lakes. Their identification can be difficult due to modification of morphological traits induced by the aquatic environment. Here we deal with a submerged population of the liverwort genus Herbertus from a glacial lake at 4120 m the Sierra Nevada del Cocuy, Colombia. The aquatic plants, which stand out by dwarf statue and obtuse leaf tips, had been identified as H. oblongifolius, a rare taxon described from Brazil and recently placed in synonymy of the widespread and variable H. sendtneri based on morphology. Molecular analysis confirmed that the aquatic plants belong to H. sendtneri. The resemblance of the aquatic plants to small branches of H. sendtneri suggests that they might represent a juvenile phenotype. The aquatic plants probably originated from a rock-inhabiting population, which dispersed into the lake by means of vegetative reproduction via caducous branches or became washed into the lake. The dispersal event should have occurred during the last 12.000-21.000 years when the lake was ice-free.
Introduction
Many bryophytes grow in the Tropics in periodically inundated habitats such as river beds, marshes and waterfalls, and are semi-aquatic. Examples of semi-aquatic rheophilous bryophytes from the Old World Tropics were discussed by Shevock, et al. (2017) . In the Neotropics, rheophilous bryophytes are numerous and are found in a wide range of families, such as Amblystegiaceae, Andreaeaceae, Seligeriaceae, Sematophyllaceae, Sphagnaceae, etc. (e.g., Mägdefrau, 1973; Griffin, et al., 1982; Bartlett & Vitt, 1986; Gradstein & Váňa, 1999; Reiner-Drehwald, 1999; Gradstein, et al., 2001 Gradstein, et al., , 2004 Gradstein, et al., , 2011 Gradstein & Reiner-Drehwald, 2007; Hedenäs, 2003; Crandall-Stotler & Gradstein, 2017) .
Permanently submerged growing bryophytes are far less common in the Tropics. In tropical America they occur in lakes at high elevations in the Andes, mostly above 3000 m. Examples are the liverworts Isotachis obtusa Steph. (= I. lacustris Herzog; Gradstein, unpubl.) , Marchantia plicata Nees & Mont., Gymnocoleopsis cylindriformis (Mitt.) R.M.Schust., Clasmatocolea vermicularis (Lehm.) Grolle, Jensenia spinosa (Lindenb. & Gottsche) Grolle, Lophonardia laxifolia (Mont.) L.Söderstr. & Váňa, Syzygiella sonderi (Gottsche) K. Feldberg et al., Herbertus sendtneri, Riccardia paramorum Meenks (= R. cataractarum Steph.; Gradstein, unpubl.) and Ricciocarpos natans (L.) Corda, and the mosses Blindia gradsteinii J.K. Bartlett & Vitt, Ditrichum submersum Herzog, Drepanocladus Müll.Hal. spp ., Fontinalis bogotensis Hampe, Gradsteinia andicola Ochyra, Philonotis andina (Mitt.) A.Jaeger, Pseudocalliergon (Limpr.) Loeske spp., Scorpidium (Schimp.) Limpr. spp. and Sphagnum L. spp. (Cleef, 1981; Gradstein, et al., 2001; Hedenäs, 2003; Churchill, 2018) . Most of these taxa, however, may also grow emerged in moist but not permanently inudated habitats. Blindia gradsteinii, Ditrichum submersum, Fontinalis bogotensis and possibly some Sphagnum species are the only truly aquatic bryophyte species in the Andes that are exclusively known from submerged populations. All of them are mosses; none of the liverworts found in lakes in the Andes grow exclusively submerged. Ditrichum submersum and Fontinalis bogotensis are widespread in the Andes of Colombia but Blindia gradsteinii is a very rare species that is only known from a single locality, a small pond at 4090 m in the páramo de Sumapaz (Churchill, 2016) . The semiaquatic Gradsteinia andicola, the only species in the genus Gradsteinia and endemic to Colombia, is a further rare aquatic moss of the páramo de Sumapaz, found once in a dried-up lake at 3650 m.
In temperate regions, submerged bryophytes have been recorded from depths to over 120 m in clear water lakes (Ignatov & Kurbatova, 1990; de Winton & Beever, 2004) . They reach to much greater depths than vascular plants, which occur to maximum depths of ca. 12 m and are scarce or lacking in arctic and high-alpine lakes (Brönmark & Hansson, 2017) . Apparently, bryophytes are better adapted to lower temperatures and lower light intensities than vascular plants (or are outcompeted at lower depths by vascular plants; de Winton & Beever, 2004). The scarcity of permanently submerged bryophytes in the Tropics and their restriction to high elevations suggests that their occurrence in the Tropics is constrained by high temperatures. Glime & Vitt (1984) explained the rarity of aquatic bryophytes in the Tropics by the lack of temperature seasonality. Evidence came from ecophysiological studies on the aquatic moss genus Fontinalis Hedw. whose life cycle is fine-tuned adapted to temperature seasonality. The ecophysiology and life cycle of aquatic tropical bryophytes has not been studied, however (Vanderpoorten & Goffinet, 2009 ).
The present paper deals with a permanently submerged growing population of the liverwort genus Herbertus (Herbertaceae) from the Andes of Colombia. Many Herbertus species have a preference for very humid habitats such as dripping wet rock, ledges near waterfalls, etc. (Hill, et al., 1991; Paton, 1999) , but permanently submerged growth has not been observed in this genus (e.g., Ignatov & Kurbatova, 1990; de Winton & Beever, 2004) . The aquatic population occurs in a glacial lake, Laguna El Amarillal, in the Serra Nevada del Cocuy (Figure 1) where it was first discovered in 1977 and identified as H. oblongifolius (Steph.) Gradst. & Cleef (Gradstein, et al., 1977) , a species described from the Serra do Itatiaia, southeastern Brazil. Distinctive characters of this species include its very small stature and obtuse leaf tips. Herbertus oblongifolius was considered a very rare taxon known only from the type and the Colombian population (van Reenen, 1982; Gradstein Herbertus sendtneri was originally described from the Austrian Alps and had long been considered to be distributed in Central Europe and the Himalayas. Recent molecular and morphological studies, however, indicate that the species is widespread in the Tropics where it had been described under many different names, e.g., H. grossispinus (Steph.) Fulford and H. subdentatus auct. in tropical America, and H. armitanus (Steph.) H.A.Miller and H. circinnatus (Steph.) H.A.Miller in New Guinea (Feldberg, et al., 2004; He & Sun, 2017) . Herbertus sendtneri grows on rock or bark in humid, high-montane environments, reaching to 4500 m in the Andes and 5000 m in the Himalayas. In tropical America the species is found above 2500 m in Central America and the Andes, from Mexico to Bolivia, and furthermore isolated on Mt. Roraima (Guyana Highlands) and Serra do Itatiaia in southeastern Brazil. Characteristic morphological features of H. sendtneri are the frequent presence of ventral-intercalary branches, the falcate-secund to circinnate leaves which are 1.5-3(-4)× longer than wide, the leaf bases with coarse lacinia terminating in a slime papilla, the convex vitta bifurcating at 1/3-3/4 up the leaf lamina and ending well before the apex, and the leaf tips ending in a uniseriate row of 2-25 quadrate to narrowly rectangular cells (Feldberg, et al., 2004;  He & Sun, 2017; Figure 2 ). The tropical populations tend to be more robust than the European ones, with larger and more elongate leaves and longer leaf tips, but intermediate forms exist and considerable morphological variation is seen.
Herbertus oblongifolius strikingly differs from neotropical H. sendtneri in its minute size and obtuse leaf tips ( Figure 3 ). Nevertheless, Feldberg & Heinrichs (2005) considered H. oblongifolius to be a synonym of H. sendtneri because of its apparent resemblance to small European phenotypes of the latter species. The putative relationship between H. oblongifolius and H. sendtneri was not tested with molecular methods, however, and the aquatic population was not cited in Feldberg & Heinrichs (2005) . Since identification of submerged bryophytes can be difficult due to their plastic morphology (de Winton & Beever, 2004: Rankin, et al., 2017), molecular techniques may help clarifying the taxonomic status of these taxa.
In February 2017 one of us (GR) collected fresh material of the aquatic Herbertus population from Laguna El Amarillal. Here we analyse the relationship between the aquatic plants and H. sendtneri based on nuclear DNA sequences and morphology. The aberrant morphology and the origin of the aquatic population are briefly discussed.
Material and methods
Study area. Laguna El Amarillal is a small and shallow glacial lake in the southernmost area of the Sierra Nevada del Cocuy, Dept. Boyacá, Colombia ( Figure 1A) . The lake is located at an elevation of 4120 m on the eastern ridge of the El Amarillal valley, 6.31620 N, 72.32010 W, in an upper grassland páramo dominated by Calamagrostis effusa (Kunth) Steud. with abundant occurrence of Cortaderia cf. hapalotricha (Pilg.) Conert (Cleef, 1981) . Rock outcrops are covered by Diplostephium colombianum scrub while patches of Chusquea tessellata Munro bamboo vegetation together with stem rosettes of Espeletia lopezii Cuatrec. occur in humid depressions. Espeletia lopezii stands are also seen on flat rocky slopes, associated with extensive mats of the moss Rhacocarpus purpurascens (Brid.) Paris. According to van der Hammen, et al. (1981) , the lake area has been ice-free since ca. 12.400-21.000 BP.
Laguna El Amarillal reaches a maximum depth of ca. 2 m near the South shore, where the lake abruptly ends at a ca. one m high rock wall. Shallower waters and a narrow sandy beach occur along the northern shore ( Figure 1B) . The water is clear and the lake bottom consists of a silty sediment with scattered stones. A small vegetation plot of 4 m2 (Cleef plot nr. 477) sampled in 1977, in 25 cm deep water near the North shore of the lake, revealed a mass presence of submerged Isoetes karstenii A.Braun (cover 75%) and Herbertus obtusifolius (cover 35%). The Herbertus plants were growing anchored in the sediment and the lower stem portions were partially covered by silt and algae. Two further bryophyte species, Ditrichum cf. submersum (cover 3%) and Isotachis serrulata (cover <1%), were present in small amounts (see also Gradstein, et al., 1977) . Towards deeper sites in the lake the cover of submerged H. obtusifolius increased to 75-80%. The mass presence of the latter species in deeper parts of the lake was reflected by a reddish-brown hue. In the sample of H. obtusifolius taken in 2017, the species was accompanied by Ditrichum sp., Campylopus densicoma (Müll.Hal.) Paris var. yungarum (Herz.) Frahm, Bryum sp. (etiolated plants with long, branched protonemal filaments sprouting from leaf axils) and Syzygiella sonderi. The pH of the lake water was not determined but is probably similar to that of the uppermost soil layer of the surrounding bunchgrass páramo, measuring between 5.0 and 5.5 (Cleef, 1981) .
Molecular approach. DNA of aquatic H. oblongifolius (van Reenen 5795, COL, PC) was extracted, amplified and sequenced at the nrITS locus previously used in specieslevel phylogenetic analyses of the genus following the protocols of Feldberg, et al. (2004) and Feldberg & Heinrichs (2006) . In an attempt to confirm the nested position of H. oblongifolius within the H. sendtneri complex, we first downloaded from GenBank ITS sequences for one individual per Herbertus species (Table 1) . We then focused on the H. sendtneri complex, sampling each of the available sequences of the complex. Each dataset was submitted to a Maximum Likelihood analysis with Seaview 4.6.4 (Gouy, et al., 2010) . Each analysis implemented a GTR substitution model with a gamma distribution to take among-site variation into account according to the results of a model selection employing the AIC criterion with Jmodeltest (Darriba, et al., 2012) .
Morphological approach. We studied the type of H. obtusifolius and fresh material of the aquatic plants from Colombia as well as selected herbarium material of Herbertus sendtneri from Colombia, Brazil and Central Europe. All specimens were examined by light microscopy. The following specimens were studied: Herbertus obtusifolius. Colombia 
Results and discussion
Molecular phylogeny. In the analysis of the whole genus, H. oblongifolius was resolved as sister to H. sendtneri with 93% of bootstrap support (Figure 4) . Within the H. sendtneri complex, H. oblongifolius is nested within the Neotropical clade, which has a bootstrap support of 78% ( Figure 5 ). The molecular data show that the aquatic Herbertus population belongs to H. sendtneri and support the synonymy of H. oblongifolius under H. sendtneri as proposed by Feldberg & Heinrichs (2005) on morphological grounds.
Morphology. The gametophytes of the aquatic plants from Colombia are characterized as follows (Figure 3 ; notable features italicized): Plants dull greenish-brown to blackish, very slender, flagelliform, 0.4-0.5 mm wide, to 4 cm long, unbranched or very sparingly branched with ventralintercalary branches. Rhizoids ± lacking. Leaves scale-like, 0.3-0.8 mm long, 1.3-2× longer than wide, distant to densely imbricate, bifid to 1/3-1/2, lobes erect, narrowly triangular, slightly unequal in size, dorsal lobe slightly broader than ventral lobe; leaf lamina oblong-quadrate to obovate, margins almost straight, without appendages or occasionally with 1(-2) short cilia tipped by a slime papilla, lacinia absent; lobe bases not overlapping in the sinus, lobe margins entire, lobe tips obtuse, made up of one blunt hyaline cell (very rarely 2), uniseriate part lacking. Leaf cells with large doi: http://dx.doi.org/10.18257/raccefyn.666
Rev. Acad. Colomb. Cienc. Ex. Fis. Nat. 42(164):221-229, julio-septiembre de 2018 trigones, cuticle ± smooth. Vitta occupying 2/3-3/4 the width of the lobe bases, bifurcating just below the sinus (at 3/4-5/6 up the leaf lamina), not extending to the lobe apex. Oil bodies present in all leaf cells, 5-8 in margin cells, 7-14 in vitta cells, globose to bluntly subellipsoid, 5-7 × 6-10 µm, colorless, finely and rather faintly granular, becoming almost homogeneous upon age. Underleaves similar to leaves but more symmetrical, the two lobes equal in width. The aquatic plants strikingly differ from typical neotropical H. sendtneri by the very slender, almost unbranched shoots, the small, scale-like leaves, the absence of lacinia, the obtuse leaf tips made up of one cell (very rarely 2), and the broad vitta. Examination of selected neotropical specimens of H. sendtneri confirmed the presence of major morphological variation in this species as reported by van Reenen (1982, as H. subdentatus auct.) and Feldberg, et al. (2004) . Van Reenen (1982) recognized three different phenotypes of H. sendtneri in the Colombian Andes: a "circinnate-leaved" form, a "large" form and a "small" form, which are grading into each other ( Figure 6 ). Stem leaves in the large form are 1.5-3 mm long and distinctly falcato-secund, those in the small form 0.8-1.5 mm long and less falcate, while those in the circinnate-leaved form are long as in the large form but conspicuously circinnate. The large form was the most common phenotype and occurred on bark, rock or soil between 3200-4100 m. The other two phenotypes had more restricted habitat preferences, the small form occurring on exposed rock (occasionally on soil) in relatively dry or very wet páramo between 3500-4450 m while the circinnate-leaved form was restricted to bark in humid cloud forest near the forest line, at 3400-3550 m. The phenotypic variation observed in the Colombian populations is much greater than in European populations, which resemble the small form from Colombia and likewise occur on rock (Meinunger & Köckinger, 2002) . The latter authors reported a tendency among the European populations to become reduced in plant size in relatively dry habitats, with leaves becoming shorter and broader. Plant size reduction in the European populations was not observed in wet habitats, however.
A comparison of the aquatic plants with the phenotypes described by van Reenen (1982) shows greatest resemblance to the small form, especially to small branches of the latter, which are rather similar in width, leaf size and shape, short leaf tips and absence of lacinia at leaf base, even though showing more variation in leaf tip length ( (2004) found that bryophytes in deep-water lakes of New Zealand often possessed narrow, sterile shoots with scale-like leaves and reduced branching, and they suggested that these shoots reflected an extended juvenile state of the species. The results of our study fully agree with these observations. Interestingly, the shoots tips in the aquatic Herbertus material collected in 1977 were frequently swollen and ball-shaped by crowding of leaves, resembling gynoecia. However, no archegonia were found inside these structures; instead, we found small, whitish colonies of unidentified protozoans, resembling gnathifers. We also observed that growth of the infected shoot tips was inhibited and was being continued by innovating branches (1-2) sprouting from below the swollen shoot tips.
Origin of the aquatic plants. We suggest that the aquatic plants may have originated from the small, rock-inhabiting populations of H. sendtneri, which are common in the Sierra Nevada del Cocuy (A.M. Cleef, pers. obs.). These plants sometimes produce caducous branches (e.g., Cleef 8811), which may have acted as a means of unspecialized vegetative reproduction and may have dispersed into the lake. Alternatively, rain-swollen streams from the rocky slopes ('lajas') could have washed the plants into the lake, or the plants might have established on the shore when the water level was low and became secondarily submerged. Dispersal into the lake must have occurred during the last 12.000-21.000 years, when the lake has been ice-free. The question remains whether the aquatic plants originated from one single dispersal event, resulting in one clonal population, or whether they became established in the lake via multiple dispersal events.
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